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The mechanism by which antigen binding to the T cell antigen receptor (TCR) generates
intracellular signaling, a process termedTCR triggering, is incompletely understood. A large
body of experimental evidence has implicated multiple biophysical/biochemical effects
and multiple molecules in the process of TCR triggering, which likely reﬂect the uniquely
demanding role of the TCR in recognizing diverse antigenic ligands. In this perspective, I
propose that breaking down the process ofTCR triggering into tractable elementary steps
may be a useful approach in building mechanistic TCR triggering models. Once these ele-
mentary steps are understood, they can be recombined to build a uniﬁed model of TCR
triggering.
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Cell surface receptors initiate and regulate intracellular signaling
cascades that lead to a variety of functional cellular outcomes.
Many receptor families have been extensively studied in the hope
that a reﬁned knowledge of how ligand binding initiates intracellu-
lar signaling, a process termed receptor triggering, can be exploited
for the design of therapeutics that modulate the activity of spe-
ciﬁc receptors. The triggering of the T cell antigen receptor (TCR)
on the surface of T cells by peptide bound major histocompat-
ibility complexes (pMHC) on the surface of antigen presenting
cells (APC) has been extensively studied but remains controversial
van der Merwe and Dushek (2011). The triggering of the TCR
is thought to be tightly regulated because TCR-induced signal-
ing may lead to T cell activation and the initiation of an adaptive
immune response. In this perspective, I propose that a combi-
nation of experiments and mathematical modeling that aim to
breakdown the process of TCR triggering into elementary steps
may provide a mechanistic understanding of TCR triggering.
The TCR is a multi-subunit receptor that contains a ligand
binding and signal transducing subunits. The signal transducing
subunits contain a total of 20 tyrosine residues, which are dis-
tributed on 10 immunoreceptor tyrosine-based activation motifs
(ITAMs) Love andHayes (2010). TheTCRdoes not contain intrin-
sic catalytic domains and is instead regulated by a membrane-
anchored kinase (Lck) and phosphatase (CD45). It is expected
that the relative concentration of active Lck and CD45 (i.e.,
[Lck]/[CD45]) will determine the concentration of phosphory-
lated TCR (Figure 1A, solid black line). The exact relationship
between the kinase-phosphatase ratio and the phosphorylation
state of the substrate has been extensively studied in genericmathe-
maticalmodels Salazar andHöfer (2007),Thomson andGunawar-
dena (2009), Salazar and Höfer (2009), Wang et al. (2010) and it
has recently been predicted that membrane-anchored substrates
withmultiple phosphorylation sites, as is the case for the TCR,may
exhibit switch-like or ultrasensitive responses (Figure 1A, dashed
Abbreviations: APC, antigen presenting cell, ITAM, immunoreceptor tyrosine-
based activation motif; TCR, T cell receptor.
gray line; Dushek et al., 2011). In this way, TCR triggering can be
viewed as a reversible enzymatic module, whereby ITAMs serve as
the substrate for Lck and CD45. In the absence of pMHC, the TCR
ITAMs are not phosphorylated (or the total phosphorylation is
kept low) and upon pMHC binding, by a process that is presently
unclear, the ITAMs become phosphorylated. Note that by deﬁning
TCR triggering in this way, discussion of downstream signaling
and feedback may be omitted but it is important to note that trig-
gering a single TCR does not necessarily lead to T cell activation.
In the language of Figure 1A, TCR triggering is the process by
which pMHC binding perturbs this enzymatic module so that the
TCR becomes phosphorylated. We can recast the major models of
TCR triggering by how they perturb the module:
1. Phosphatase exclusion. The kinetic-segregation model of TCR
triggering Davis and van der Merwe (2006) postulates that
pMHC binding to the TCR will spatially segregate CD45
because it has a long ectodomain compared to the intermem-
brane length of the TCR/pMHC complex. The aggregation of
TCR as a result of pMHC binding (e.g., as a result of a confor-
mational change in the TCR-CD3 complex Reich et al., 1997;
Alam et al., 1999; Gil et al., 2002) is also a proposed model
of TCR triggering van der Merwe and Dushek (2011), and
such aggregation may sterically exclude CD45. In these models,
pMHC binding leads to a decrease in [CD45], and therefore an
increase in [Lck]/[CD45], promoting TCR phosphorylation.
2. Kinase enrichment. The lipid raft model of TCR triggering
proposes that pMHC binding to the TCR leads to the inclu-
sion of the TCR-pMHC complex into lipid rafts, which are
enriched in Lck (Zech et al., 2009; Harder and Sangani, 2009).
A subset of aggregation models of TCR triggering predict an
enrichment of Lck because Lck is associated with coreceptors
which directly interact with pMHC van der Merwe and Dushek
(2011). In thesemodels, pMHCbinding leads to a local increase
in [Lck], and therefore an increase in [Lck]/[CD45], promot-
ing TCR phosphorylation. Nika et al. (2010) have recently
demonstrated that the total concentration of active Lck does
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FIGURE 1 | Elementary steps inTCR triggering. (A)The relative
concentrations of active kinase to phosphatase ([Lck]/[CD45]) is expected to
modulate the concentration of phosphorylatedTCR ([pYTCR]). (C)The
kinase-phosphatase ratio itself is expected to be related to the concentration
of TCR-pMHC complexes ([TCR-pMHC]). (D)The concentration of pMHC
([pMHC]) determines the concentration of TCR-pMHC complexes. (B)These
elementary relationship are proposed to underlie TCR triggering (the
increase in TCR phosphorylation in response to pMHC binding). Dashed gray
lines indicate alternate relationships between the variables. Note that all
panels depict schematics and are not the result of experiments or
mathematical modeling.
not change following TCR triggering, suggesting that models
based on a change in Lck activity following pMHC binding may
be excluded.
3. Substrate availability. A subset of conformational change mod-
els of TCR triggering (e.g., Sun et al., 2001; Gil et al., 2002;
Kuhns and Davis, 2008; Li et al., 2010; Ma and Finkel, 2010;
and further reviewed in van der Merwe and Dushek, 2011)
propose that the signaling chains of the TCR are not accessi-
ble to Lck or CD45 in the absence of pMHC but that pMHC
binding induces a conformational change (e.g., by mechani-
cal force Ma et al., 2008; Ma and Finkel, 2010) that makes the
ITAMs accessible to Lck and CD45. Since this model does not
rely on perturbations to the [Lck]-[CD45] ratio, it is expected
that this ratio is constitutively large so that an increase in ITAM
availability leads to their phosphorylation.
These three perturbations leading to TCR triggering are shown
in Figure 1A. In reality, it is experimentally challenging to mea-
sure the concentration of active Lck and CD45 as a function
of time in the vicinity of newly formed TCR-pMHC complexes
at the T cell-APC interface. A more tractable experiment is to
measure TCR phosphorylation as a function of pMHC concentra-
tion (Figure 1B, solid black line). The challenge then becomes
relating the x-axis of Figures 1A,B (i.e., relating [pMHC] to
[Lck]/[CD45]). It is expected that [Lck]/[CD45] will be related
to the concentration of TCR-pMHC complexes (Figure 1C, solid
black line), which itself is related to the concentration of pMHC
(Figure 1D, solid black line). Thus, [Lck]/[CD45] is related
to [pMHC] through at least one intermediate variable, namely
[TCR-pMHC].
Experimentally determining the relationships in Figure 1 will
be useful in constraining models of TCR triggering. The rela-
tionship depicted in Figure 1B can readily be determined by a
dose-response assay. Similarly, determining the concentration of
TCR-pMHC complexes as a function of the pMHC concentration
is experimentally tractable and mathematical models of different
binding stoichiometries (e.g., monovalent, bivalent, higher order
valencies) will predict different relationships between [pMHC]
and [TCR-pMHC] (Figure 1D, gray dashed lines). Perturbing the
kinase/phosphatase ratio, using chemical inhibitors to Lck (e.g.,
PP2) and phosphatase inhibitors (e.g., vanadate), can be used to
determine the relationship shown in Figure 1A. We have recently
formulated a mathematical model of a kinase and phosphatase
regulatingmultiple phosphorylation sites onmembrane-anchored
receptors Dushek et al. (2011). We found that multiple sites on the
TCR signaling chains can generate switch-like responses making
the phosphorylation state of the TCR highly sensitive to the rela-
tive concentration of Lck and CD45. Future experiments utilizing
ITAM mutants and chemical inhibitors (e.g., PP2 to inhibit Lck)
can be used to map out the relationship between ITAM phospho-
rylation and the relative concentration of active Lck and CD45.
The most difﬁcult relationship to determine experimentally is
between [TCR-pMHC] and [Lck]/[CD45] (Figure 1C). However,
this relationship can be inferred by knowing the relationships in
Figures 1A,D. To formulate mathematical models of the process,
reﬁned mechanistic hypotheses that are rooted in detailed bio-
chemistry are needed. For lipid raft models, it would be useful to
know the fraction of the cell membrane covered by rafts, the Lck
concentration inside and outside rafts, and the effective afﬁnity
of the TCR to enter rafts when bound by pMHC. In the case of
the kinetic-segregation model, a mathematical model that couples
the elasticity of the membrane to the compressional stiffness of
the CD45 ectodomain can be used to predict the redistribution
of CD45 around newly formed TCR-pMHC complexes. We have
recently formulated such a mathematical model (Allard et al., sub-
mitted), which is able to predict [CD45] following pMHC binding
to the TCR. The model predicts that CD45 segregation is robust
to parameter variation and occurs on a supra-diffusive timescale
because CD45 is mechanically pushed away from TCR-pMHC
complexes.
In formulating the elementary steps of TCR triggering I have
focused on essential features for the purpose of clarity but it is
important to note that many features not discussed can impact
the schematics shown in Figure 1. For example, I have focused on
the canonical enzymes regulating TCR phosphorylation, namely
Lck and CD45, but additional molecules have been implicated
in TCR proximal signaling Acuto et al. (2008) and others yet
to be described may also be involved. A triggering mechanism
based on a conformational change in TCR-CD3ε that recruits
Nck has been proposed Gil et al. (2002). Once the mechanism
relating Nck recruitment and ITAM phosphorylation is deter-
mined, this triggering mechanism can also be incorporated into
the presented model. It will also be important to resolve individual
phosphorylation sites on the TCR signaling chains Love and Hayes
(2010) instead of simply focusing on total phosphorylation. It is
also worth mentioning that insights into TCR triggering, and to
T cell activation as a whole, have often come from experiments
with soluble pMHC dimers and tetramers. Use of this powerful
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tool to investigate the elementary steps of TCR triggering may be
possible but careful characterization of the TCR-pMHC binding
stoichiometry is needed. Collectively, mathematical models can
be formulated that incorporate these and other features of TCR
proximal signaling.
In summary, I propose that TCR triggering can be viewed as a
classic enzymatic module, whereby the kinase Lck and the phos-
phatase CD45 act on their substrates, the ITAM-bearing TCR sig-
naling chains. Given the complexity of this enzymatic module, it is
useful to breakdown theprocess of TCR triggering into elementary
steps (Figure 1). For each elementary step, detailed hypotheses,
that have well-posed biochemical underpinnings, can be mathe-
matically formulated and directly compared to experimental data.
In this way, it may be possible to obtain mechanistic models
of each elementary step which can then be reintegrated into a
uniﬁed model of TCR triggering. With detailed biochemical inter-
actions, stoichiometry, and estimated parameters, mathematical
models can be used to formulate these hypotheses and systemati-
cally reject mechanisms that are inconsistent with experimental
data. This approach has been valuable in understanding trig-
gering of heterotrimeric guanine nucleotide-binding protein (G
protein)-coupled receptors (GPCRs; Colquhoun, 1998; Kenakin,
2004) and receptor tyrosine kinases (RTKs; Wofsy et al., 1992;
Park et al., 2003; Macdonald and Pike, 2008). The TCR belongs to
a larger family of cell surface receptors, which have been termed
non-catalytic tyrosine-phosphorylated receptors (NTRs; Dushek
et al., 2011) and other NTRs (e.g., Dectin-1 Goodridge et al., 2011;
NKG2D; and KIR2DL1 Brzostek et al., 2010; Köhler et al., 2010)
may share similar triggering mechanisms.
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